Phospholamban is a 52-amino-acid protein that assembles into a pentamer in sarcoplasmic reticulum membranes. The protein has a role in the regulation of the resident calcium ATPase through an inhibitory association that can be reversed by phosphorylation. The phosphorylation of phospholamban is initiated by β-adrenergic stimulation, identifying phospholamban as an important component in the stimulation of cardiac activity by β-agonists. It is this role of phospholamban that has motivated studies in recent decades. There is evidence that phospholamban may also function as a Ca 2+ -selective ion channel. The structural 157 1056-8700/97/0610-0157$08.00 158 ARKIN ET AL properties of phospholamban have been studied by mutagenesis, modeling, and spectroscopy, resulting in a new view of the organization of this key molecule in membranes.
INTRODUCTION
Phospholamban was discovered in 1974 as one of the major proteins phosphorylated upon adrenergic stimulation of the cardiac myocyte (36, 41) . It was, therefore, appropriately named the phosphate receiver (λαµβδνω = to receive). Since adrenergic stimulation is a unique feature of cardiac muscle physiology, phospholamban received considerable attention from the research community concerned with cardiac function.
Phospholamban is found in the sarcoplasmic reticulum of cardiac (36, 41) and smooth muscle (54) . Its presumed function is the regulation of the resident Ca 2+ -pump by way of an inhibitory association of the two proteins that is abolished upon phospholamban phosphorylation (30) by c-AMP and Ca 2+ /calmodulindependent protein kinases in additive fashion (61) . Phospholamban has also been associated with ion channel activities in lipid bilayer membranes (42) . The structure of phospholamban that emerges from current studies seems compatible with a possible transmembrane channel function, raising a number of issues concerning ion channel structure and function.
Phospholamban is a small (52 amino acids) transmembrane protein that assembles into stable pentamers. Its small size makes it amenable to relatively simple applications of spectroscopic methods and computational modeling. The combination of spectroscopy and modeling has led to a view of phospholamban structure that is helpful in refining ideas concerning membrane protein structure and oligomerization as well as providing a basis for thinking about its functions.
We discuss the model that has emerged from a combination of spectroscopy (4), molecular modeling (1), and mutagenesis (2) . The resulting model allows a discussion of the electrostatics of the protein (3) , which emphasizes the importance of oligomeric structure in ion channels and also the potential roles of configurational and mutagenic changes at remote locations on the electrostatic potentials found in ion channels.
PHOSPHOLAMBAN STRUCTURE
The small size of phospholamban and its functional importance attract considerable research. Structural studies of phospholamban, however, have been hindered by the difficulty in purifying a very small, highly hydrophobic protein. Purification of phospholamban is by no means a trivial effort (5, 10, 33, 45) . Methods for purification have included the use of organic solvents (7, 23) , sulfhydryl affinity chromatography (34) , and monoclonal antibody columns (55, 60) .
Heterologous expression efforts, initially in Escherichia coli, were not successful (12) . Expression in baculovirus has been more fruitful (55) , and functional expression also has been possible in low amounts in COS-1 cells (15) . More recently, the chemical synthesis of the entire protein has been reported (72) , providing large amounts of highly purified protein, and site-specific isotopic labels (4, 48) .
Sequence analysis of phospholamban has shown that the protein contains two distinct segments. The cytoplasmic segment corresponds to roughly the amino terminal half of the protein, thereby categorizing phospholamban as a type II membrane protein. This segment contains S16 and T17, residues phosphorylated by cAMP and Ca 2+ /calmodulin-dependent protein kinases, respectively (57) . The carboxy terminal half of the protein is extremely hydrophobic and traverses the bilayer as a transmembrane α-helix (4). It contains three cysteine residues C36, C41, and C46 that are all thought to be in reduced form. Acetylation of the amino terminal methionine also occurs (13) .
Phospholamban Primary Structure
cDNA sequences are available for several mammalian and avian species: canine (16, 67, 68) , pig (71) , rabbit (14, 44) , human (17) , rat (27) , mouse (18) , and chicken (66) . Complete genomic sequences are available for rabbit (17) , chicken (66) , and rat (13, 32, 57) . No signal sequence is found in the gene, and no introns are found in the coding region.
Phospholamban sequences are highly conserved ( Figure 1 ). The sequence of chicken phospholamban is highly similar (85%) to its mammalian counterparts. The human phospholamban gene is mapped to chromosome band 6q22.1, while that of the Ca 2+ -pump and calsequestrin map to 12q23-q34.1 and 1q21, respectively (50) . Figure 1 Sequence alignment of phospholamban. Phospholamban sequences are aligned according to sequence homology. Shaded regions indicate identity. Note that the sequence of pig phospholamban is identical to that of dog, while the sequence of rabbit phospholamban is identical to that of rat and mouse. See text for references.
Phospholamban Size Determination
One of the most intriguing elements in phospholamban structure is its oligomeric nature (see Table 1 ).
The oligomeric state of phospholamban (as detected by SDS-PAGE) changes as a function of sample handling. Boiling reduces the apparent size of the protein reversibly (43) , while addition of Mg 2+ ions reverses the monomerizing process (47) . Reducing agents do not affect oligomerization, suggesting that it is not caused by disulfide bond formation ( Table 1) . The most populated forms of phospholamban on SDS-PAGE are those of monomer and pentamer (72) .
Further evidence that the protein is a pentamer came from phosphorylation experiments followed by observing mobility retardation of the pentamer band. In these studies both cAMP and Ca 2+ /calmodulin-dependent protein kinases were used [phosphorylation of S16 and T17, respectively (57)], resulting in the appearance of eleven different bands (19, 28, 75) . These bands were assumed to represent a pentameric complex with different phosphorylation levels ranging from zero to ten phosphates per complex. This stoichiometry is what one would expect for a pentamer where each monomer contains two phosphorylation sites, as shown in Figure 2 . Trypsin cleavage generates a peptide that encompasses the transmembrane domain of phospholamban (residues 25-52) (42) . This peptide oligomerizes in SDS-PAGE, and although it is only half the size of full-length phospholamban, the increase in apparent mobility is minimal (42) . This is another example of anomalous migrations of membrane proteins in SDS-PAGE. No oligomerization is seen in a peptide corresponding to the cytoplasmic domain (residues 1-31) (39), providing evidence that the pentamerization of phospholamban is solely a function of its transmembrane segment.
Takagi and colleagues (73), using low-angle laser light scattering and highperformance gel permeation chromatography, were able to determine the molecular weight of phospholamban in SDS micelles as 30.4 kDa, expected from a pentamer of phospholamban monomers.
Attempts have also been made to determine the oligomeric state of phospholamban in environments other than sodium dodecyl sulfate micelles. Pentamerization was observed in n-octyl-β-glucoside micelles by gel permeation chromatography (21) . Analytical centrifugation in methanol and in C 12 E 8 detergent micelles provided evidence that under those conditions the molecular weights of the protein are 12.3 kDa and a combination of 6 kDa and 30 kDa, respectively (72) . Radiation inactivation studies were able to show energy transfer only between a dimer of proteins, while in the case of the glucose transporter, energy transfer occurred between the 12 putative transmembrane helices (31) .
Secondary Structure
Circular dichroism spectra of phospholamban in detergent micelles as well as of the tryptic peptide corresponding to residues 25-52 have been reported (59) . The spectra were similar in each of the detergents used (C 12 E 8 , sodium dodecyl sulfate, and n-octyl-β-glucoside) and exhibited features similar to those of other highly helical proteins. Helicity increased in the tryptic fragment of phospholamban corresponding to the transmembrane domain relative to full-length protein (59) . No decrease in secondary structure is present upon boiling the sample.
Studies investigating the merits of determining the secondary structure estimation of membrane proteins based on circular dichroism results have shown that this is exceptionally difficult to quantitate (51) . Carafoli and colleagues, studying the secondary structure of synthetic phospholamban in C 12 E 8 detergent micelles, obtained similar results (72) . The results of this analysis of secondary structure content have led Jones and colleagues to derive a model for this pentamerizing protein (59, 74) . In this model the protein is seen as a bundle of five transmembrane α-helices connected to a small cytoplasmic α-helix by a stretch of random or β-sheet amino acids.
Circular dichroism spectra have been obtained for Plb WT (phospholamban wild type) reconstituted in phospholipid bilayers ( Figure 3 ) (4). Although no quantitation of secondary structure was made, qualitatively it can be seen that the protein contains a significant percentage of helical structure. Furthermore a thermal scan recording ellipticity at 222 nm revealed no loss of helicity when recorded in the temperature range scanned • C). Such resistance to thermal denaturation is not uncommon in membrane proteins, as the helices are stabilized by strong hydrogen bonding in a nonpolar environment. Circular dichroism studies of the cytoplasmic peptide (residues 1-25) (24) or of a larger fragment (residues 2-33) (64) as well as NMR studies Fourier transform infrared (FTIR) spectroscopy (4, 63) has been used to determine secondary structure on the basis of the shape and frequency of the amide I vibrational mode (Figure 4) . Orientation of the secondary structure elements is determined from the difference in absorption of parallel and perpendicular polarized light (dichroic ratio, R ATR ) of an oriented protein sample ( Figure 5 ). Since membranes and lipid bilayers tend to form ordered stacks when deposited on surfaces, FTIR can be exceptionally useful. (For a review on the analysis of membrane protein structure by FTIR, see 8.) In two studies on the secondary structure of phospholamban, FTIR spectra of the full-length protein have been compared to spectra of a peptide encompassing the transmembrane domain of the protein (residues 25-52). Secondary structure The results of the two studies pertaining to secondary structure assignments are listed comparatively in Table 2 . The estimates of helical content based on the amide I vibrational mode is similar in both studies within experimental error. The derived helical percentages are different because Arkin et al (4) took into account the differences between the extinction coefficients of the different structure elements (4), as well as contributions from overlapping side chain modes, which can be as much as 25% (35, 69, 70) . Thus, it is not surprising that the helical percentages would be lower in Tatulian et al's (63) study than in Arkin's.
Helix orientation The results of the two studies pertaining to helical orientation are listed comparatively in Table 3 . As the two groups have used different sample geometries (single bilayers as opposed to multilayers), comparisons between the measured dichroic ratios are not straightforward. This is a result of the different assumptions made in the calculation of the electric field amplitudes of the evanescent wave [thick film versus thin film approximation (22) ].
Comparisons of the derived order parameters have led to different structural models for the protein. Tatulian et al (63) have proposed that phospholamban is composed of two disjointed helices: a perpendicular transmembrane helix and a tilted cytosolic helix connected by a two stranded β-sheet, as shown in Figure 6a . A possible weakness of this model is that the cytosolic helix, presumed by Tatulian et al (63) to be a stable independent domain, is found to be in random-coil configuration when synthesized on its own. Arkin et al (4) propose a continuous α-helix, half of which is transmembrane, and the other half cytosolic, as shown in Figure 6b . This model is consistent with the high heat lability of the complex (see Figure 3b) . A possible weakness in this model is that proline 21 must be accomodated in a helix, probably distorting the structure.
In a more recent study by Rothschild and coworkers (48), detailed FTIR studies were undertaken on the transmembrane domain of phospholamban (residues 25-52). The orientation of the transmembrane domain was measured by attenuated total internal reflection (ATR) and tilted transmission polarized spectroscopy (56). The results gave higher tilt angles from the lipid bilayer normal (48 ± 1
• ). Rothschild and coworkers also utilized site-specific isotope labeling in conjunction with FTIR. 13 C carbonyls introduced at positions L39 and L42 result in a shift of the amide I vibrational mode to 1614 cm −1 , indicating that those two sites are in helical secondary structure (62) . Furthermore, the region between L39-C46 may be helical, since the N-H groups on L43 and C46 to which the 13 C carbonyls are hydrogen bonded must also be part of the helical structure.
Phosphorylation Effect on Phospholamban Structure
Phosphorylation is the regulatory switch of phospholamban. It confers protease resistance, suggesting a change in the structure of the protein (25) . However, circular dichroism measurements show no difference upon phosphorylation (59) . One might envision a model whereby phosphorylation would cause only a change in the tertiary structure of the protein (e.g. tilting of the helices) that would not be detected by circular dichroism. Alternatively, changing the pI of the protein by more than five units, as well as inserting two bulky phosphate groups per protomer, might simply block the protease accessibility without altering the structure of phospholamban.
Studies aimed at elucidating the structure of the cytoplasmic segment of phospholamban either by circular dichroism spectroscopy or by NMR have concluded that this peptide adopts a denatured configuration in aqueous solution (24, 59, 64) . Phosphorylation had no effect on these results. The cytoplasmic segment folds into a helical geometry in trifluoroethanol, a helix-promoting solvent, and its structure is observed to change upon phosphorylation. However, the relevance of this change is uncertain because of the solvent environment.
FTIR studies by Tatulian et al (63) and Arkin et al (4) reach different conclusions concerning the effect that phosphorylation has upon the secondary structure and orientation of the secondary structure. Tatulian et al (63) measured a reduction in α-helical content in PlbWT equivalent to six residues. No difference in orientation of the helices was measured in this study. Arkin et al (4) found that phosphorylation did not significantly change the secondary structure of the protein (Figure 7) , similar to the result obtained from circular dichroism spectroscopy. Furthermore, the use of isotope-edited FTIR (62) lead Arkin et al (4) to conclude that phosphorylation has no effect on the overall secondary structure of the protein or on the local environment near the phosphorylated residues. Similar to results by Tatulian et al (63) , no change in helix orientation was observed upon phospholamban phosphorylation.
Environs of the Sulfhydryl Groups
The sulfhydryl groups are the only polar side chains in the phospholamban transmembrane domain. Therefore, Arkin et al (3) have undertaken studies aimed at understanding their structure using FTIR spectroscopy. The vibrational frequencies of all the sulfhydryl stretches have indicated that all of the sulfhydryl protons are strongly H-bonded to carbonyl oxygens located at position i − 4 in the helix, as predicted previously by molecular modeling (1). This result is consistent with a statistical analysis (20) of cysteine H-bonding, in helices in high resolution structures where more than 72% of all sulfhydryl protons are H-bonded in this way (see Figure 8 ).
Mutagenesis Effects on Pentamer Formation
Mutagenesis has long been used as a low-resolution tool for analyzing protein structure. The concept behind these studies is to correlate altered properties of a mutated protein with the importance of the site of mutation. The property assayed in the three different mutagenesis studies of phospholamban has been pentamer formation assayed by mobility in SDS-PAGE.
ROLES OF THE AMIDE AND THIOL AMINO ACIDS Phospholamban was expressed, mutagenized, and assessed for pentamer formation in COS-1 cells by MacLennan and colleagues (15) . Attempting to understand the forces behind this non-covalent pentamerization, the researchers mutated two groups of residues. First, they mutated the amide amino acids Q22 and Q23 (Q22A-Q23A and Q22E-Q23E), Q26 and N27 (Q26E-N27D), and Q29 and N30 (Q29E-N30D) in order to determine the importance of the hydrogen-bonding contributions of these residues to pentamer thermal stability (heating the sample prior to electrophoresis). No effect was apparent in any of these mutations.
The second group to be mutated was that of the three cysteine residues in the transmembrane domain of the protein (C36, C41, and C46). Mutations to either alanine or to serine had no effect at ambient temperature at any position, although the thermal stability was affected (in particular, that of C41). Substitutions to phenylalanine had more pronounced effects even at ambient temperatures (e.g. C41F was nearly completely monomeric). Double substitution to alanine was even more deleterious for pentamer formation, reducing the pentamer levels by 50% at ambient temperature, while at elevated temperature it is completely monomeric. A triple substitution of all cysteine residues in phospholamban to alanines resulted in monomeric protein at all temperatures. The authors were therefore able to conclude that although cysteine residues in phospholamban are not responsible for disulfide bond formation, they are important for pentamer stabilization.
AMINO ACIDS RESPONSIBLE FOR PENTAMER FORMATION Engelman and colleagues (3) utilized mutagenesis in an effort to define the interacting surfaces of the pentamerizing transmembrane α-helices of phospholamban. Phospholamban was fused to the carboxy terminus of Staphylococcal nuclease, a soluble monomeric protein, and the chimera was expressed in E. coli. Phospholamban conferred pentamerizing behavior to the chimeric protein, as seen in Figure 9a . Residues in the transmembrane domain were randomly mutated (emphasizing conservative substitutions) and the resulting chimeric proteins were assessed for the ability to pentamerize. A representative gel of the mutant chimeric protein is shown in Figure 9b , and tabulation of all of the mutations found is given in Figure 10 .
Sensitive, semi-sensitive, and insensitive residues The mutagenesis results point to a pattern of residues, each with different sensitivity toward mutagenesis. Residues such as L37, I40, L44, and 147 were not able to accept any substitutions and retain pentamerizing properties. These sites were therefore labeled sensitive. The degree of specificity at these sites is remarkable. Consider the case of L37, where substitution to its isomer, I, or to M, V, or A each abolished pentamer formation abilities of the resulting chimeric proteins. In contrast, other residues were able to accept any conservative substitution and were labeled insensitive. The third group of residues were those that resulted in different pentameric propensities as a function of the substituted amino acids, and were labelled semi-sensitive.
Sensitivity pattern
The resulting pattern of sensitivity (or lack thereof) toward substitution can by analyzed with helical wheel diagrams. Figure 11 presents helical wheel representations at three different pitches: 3.6, 3.5, and 3.9 amino acids per turn. The first corresponds to a canonical helix, while pitches of 3.5 and 3.9 amino acids per turn represent the helix-helix contacts in left-handed coiled-coils and right-handed coiled-coils, respectively.
Phospholamban is a left-handed coiled-coil
Helical wheel analysis indicates that residues of equal sensitivity toward substitution (assaying pentamerization) line up on the same faces of the 3.5 amino acids per turn helical wheel diagram, implying that phospholamban is a left-handed coiled-coil.
Jones and co-workers describe additional mutagenesis studies of phospholamban (58) . They substituted residues 26-52 of phospholamban with either an alanine or phenylalanine and assayed the in vitro translated proteins by SDS-PAGE. As shown in Figure 12 , the results agree remarkably well with the earlier work.
Molecular Modeling
Brünger and colleagues (1) obtained a model for the pentamerizing transmembrane α-helices of phospholamban on theoretical grounds, employing global conformational search methods coupled with molecular dynamics simulations. Starting positions are set at a series of mutual rotations and at both right-and left-handed tilts. Two conceptual approaches were used: One method attempts to identify the most favored structure by extensively exploring the interaction of two monomers; the other examines the interactions in a set of symmetric pentamers. In the case of the dimer search, starting positions were varied at increments of 45
• starting from either a left-or right-handed crossing angle ( ). A number of distinct clusters of structures were obtained ( Figure  13b and c) . Average structures were calculated for each of these clusters and were assessed for their ability to form pentamers. The transformation from one helix to the other in the dimer was repeatedly applied to the first helix. The pentamer search was undertaken by concomitantly incrementing the rotational angle between the helices at increments of 20
• . Results from this molecular dynamics study are shown in Figure 14 .
CORRELATION BETWEEN THE MODELING AND MUTAGENESIS STUDIES As seen in Figures 14b and 13b , both molecular dynamics search protocols have resulted in several clusters of models. Selection between them on the basis of energy alone (model p4 or d7) yields an interaction energy profile that does not match the sensitivity pattern of the mutagenesis results (see Figure 15a) . Selection of the model based on the breadth of the energy minimum or, in other words, on the number of models that have clustered at this particular rotational angle, results in a model that fits well with the mutagenesis results (model p1 or d3; see Figure 16b ).
Two discrepancies between the mutagenesis results and the modeling (as seen in Figure 15b ) are the higher interaction energy predicted by the modeling for L43 and for the last four residues of the protein in comparison to their sensitivity toward substitution.
Model of the Phospholamban Pentamer
We conclude that the final phospholamban model that best satisfied the data is a left-handed pentamer with a high level of symmetry ( Figure 16 ). The crossing angle between adjacent helices is about 17
• , the separation between neighbouring helices is 10Å, and the average number of residues per turn for each helix is approximately 3.6. These geometric parameters are consistent with a lefthanded coiled-coil interaction between the helices and are also similar to results obtained in another, unrelated helix bundle modeling study (38) . The models produced from the independent two-body and pentamer searches are very similar to one another, with 0.6Å rms deviation for Cα atoms and 1.63Å rms deviation for all atoms (and almost identical geometric parameters). Residues insensitive toward substitution clearly reside on the exterior of the complex, while those found to be sensitive are in the interior. Tight packing interactions between hydrophobic residues hold the complex together. Several residues (as in the case I47) form an interaction ring involving all of the protomers.
A discrete pore is seen through every slice of the model with a diameter ranging between 8Å and 2Å, as shown in Figure 17 . This pore is too small to accomodate a hydrated calcium ion and might therefore represent the closed state of the channel. This pore is composed almost entirely of hydrophobic groups, and the only polar group is the sulfur of M50 and the thiol group of C36. In any model of the pentamer based on transmembrane helices it is impossible to form a pore lined with polar residues, since the only polar groups in the protein (the thiol groups of the three cysteine residues) do not line up on the same face of a helical wheel.
CONCLUSIONS
Non-covalent interactions between the transmembrane α-helices of phospholamban stabilize a pentameric complex of α-helices. The helical bundle may extend into the cytoplasm, possibly encompassing more than 80% of the protein.
Phosphorylation, the mechanistic "trigger" of the protein, does not seem to cause a conformational change that can be detected by infrared spectroscopy, suggesting that the effect of phosphorylation is mostly electrostatic. Vibrational spectroscopic results show that the sulfhydryl groups located in the transmembrane part of the protein are hydrogen-bonded to the carbonyl oxygen of the i − 4 residue. Mutagenesis studies of pentamer disruption result in a sensitivity pattern toward substitution, identifying an interacting protein-protein interaction surface. Molecular modeling approaches coupled with experimental data can yield a model that is interpretable in light of other experimental data, such as the hydrogen-bonding state of transmembrane sulfhydryl protons. Indirect polar effects from amino acids in helices defining a channel can significantly alter the electrostatic field of the channel.
